Abstract: (1−x)CoTiNb 2 O 8 −xZnNb 2 O 6 microwave dielectric ceramics were prepared via the conventional solid-state reaction route with the aim of reducing the τ f value and improving the thermal stability. The phase composition and the microstructure were investigated using X-ray diffraction, Raman spectra, and scanning electron microscopy. A set of phase transitions which were induced by composition had been confirmed via the sequence: rutile structure→coexistence of rutile and columbite phase→columbite phase. For (1−x)CoTiNb 2 O 8 −xZnNb 2 O 6 microwave dielectric ceramics, the addition of ZnNb 2 O 6 content (x = 0-1) led to the decrease of ε r from 62.98 to 23.94. As a result of the high Q × ƒ of ZnNb 2 O 6 ceramics, the increase of ZnNb 2 O 6 content also led to the lower sintering temperatures and the higher Q × ƒ values. The τ f value was reduced from +108.04 (x = 0) to -49.31 ppm/℃ (x = 1). Among them, high density 0.5CoTiNb 2 O 8 −0.5ZnNb 2 O 6 ceramics were obtained at 1175 ℃ with excellent microwave dielectric properties of ε r 39.2, Q × ƒ 40013 GHz, and τ f + 3.57 ppm/℃.
Introduction
In recent years, with the rapid development of modern communication technology, dielectric antenna and microwave integrated circuit substrate, microwave dielectric ceramics which are used as the key material of these electronic components have been developed widely [1, 2] . For application in microwave frequency field, the dielectric material needs to meet the following three requirements: a large dielectric constant, an excellent quality factor, and a temperature frequency the resonant frequency of the material. Many researchers have made attempts in this area, which have obtained good results [5, 6] . Nenasheva et al. [7] reported that τ f was adjusted to 0 ppm/℃ when x = 0.66 in the (1-x)ZnNb 2 O 6 −xZn 0.17 Nb 0.33 Ti 0.5 O 2 composite. Li et al. [8] reported that τ f was adjusted to 0.28 ppm/℃ in the (1-x)(Na 0.5 La 0.5 )MoO 4 −x(Na 0.5 Bi 0.5 )MoO 4 composite. These studies have proved that the method is effective. For the complex phase ceramics with different crystal structures, it has been proved that the formation of solid solution and secondary phase could also be inhibited effectively and could maintain good microwave dielectric properties [9, 10] . Different from the positive τ f values of CoTiNb 2 O 8 ceramics, ZnNb 2 O 6 ceramics with columbite structure have the negative τ f values and are in the same niobate system as CoTiNb 2 O 8 ceramics. Lee et al. [11] reported that the microwave dielectric properties of ZnNb 2 O 6 reached ε r ~25, Q × ƒ ~83700 GHz, and τ f ~-56 ppm/℃. Therefore, it is estimated that composite ceramics with near zero τ f values would be obtained by combining CoTiNb 2 O 8 ceramics and ZnNb 2 O 6 ceramics.
In this work, (1-x)CoTiNb 2 O 8 −xZnNb 2 O 6 (x = 0-1) composite ceramics with different structures were prepared via the traditional solid-state reaction method with the aim of reducing the τ f value and improving the thermal stability. The phase constitution, microstructure, sintering reaction, and microwave dielectric properties of (1-x)CoTiNb 2 O 8 -xZnNb 2 O 6 (x = 0-1) composite were studied in detail.
Experimental
CoO (99%), TiO 2 (99.9%), ZnO (99%), and Nb 2 O 5 (99.99%) were used as raw materials and purchased from Sinopharm Chemical Reagent Co., Ltd. The raw materials were mixed by a stoichiometric ratio using alcohol as a milling medium for 24 h. The dried powders were calcined at 1200 and 1100 ℃ for 4 h to synthesize CoTiNb 2 O 8 and ZnNb 2 O 6 . The calcined powders were mixed according to the ratio of (1-x)CoTiNb 2 O 8 -xZnNb 2 O 6 and then ball-milled for 6 h. The slurries were dried at 80 ℃ for 1 h and sieved with 200# mesh. Polyvinyl alcohol (PVA) was added into the sifted powders and the powders were pressed together into pellets with 10 mm in diameter and 5 mm in thickness at a pressure of 150 MPa. The pellets were then heated at 500 ℃ for 2 h to discharge the PVA and later sintered in the range of 1150 to 1300 ℃ for 4 h.
The crystal structures were characterized by X-ray diffraction (XRD, Rigaku, DMAX-RB, Japan) with Cu Kα radiation. The microstructure of the sintered ceramics was observed by a scanning electron microscopy (SEM, JSM-6710F, JEOL, Japan) and the composition of the ceramics was analyzed by energy dispersive spectrometer (EDS, NS7, Thermo, USA). The structure parameters were obtained from the Rietveld refinement results of the XRD data using GSAS-EXPGUI software [12] . Raman spectroscopy was performed using a LabRam HR (Jobin-Yvon, France). The density was confirmed by Archimedes methods. Microwave dielectric properties of the ceramics were measured by a network analyzer (8720ES, Agilent, USA) using Hakki−Coleman's dielectric resonator method, modified and improved by Hakki et al. [13] [14] [15] . All measurements were obtained in the frequency of 4-12 GHz at room temperature. The temperature coefficients of the resonant frequency were measured in the temperature range from 20 to 80 ℃.
The τ f value was calculated using the formula below:
where ƒ 1 and ƒ 2 are the resonant frequencies at T 1 and T 2 .
3 Results and discussion 3. 1 Phase and structure analysis Figure 1 shows the XRD patterns of (1- 3 , and formed a zigzag chain along with the c axis.
The adjacent zigzag chains were also connected by O 3 in the form of shared vertices, which formed a doublelayer structure that parallel to the a axis. The doublelayer structure was also connected by shared vertice form of ZnO 6 oxygen octahedron in the form of O 1 and O 2 , forming a three-dimensional expansion. The ZnO 6 oxygen octahedron also formed a zigzag chain along with the c axis in the way of sharing common edges. 
2 Raman analysis
Raman spectra of the (1− . The cell volume increased while the content of ZnNb 2 O 6 increased as shown in Fig. 2 , which led to the increase of the atomic distances in the ZnO 6 octahedron and this also weakened the covalent bond strength between Zn-O bonds [25] . Therefore, the A g vibration mode located at 250 cm -1 shifted to the lower wavenumber. should shift to the higher wavenumber instead of the lower one. The reason for this phenomenon could be the increase of the symmetry of the crystal because of the sample transition from the disordered phase structure for x = 0.3 to single columbite phase structure for x = 1. Figure 5 illustrates the SEM images of (1-x)CoTiNb 2 O 8 − xZnNb 2 O 6 ceramics. Table 3 For those grain boundary system with two phases, there would be pinning effect on the movement of the grain boundary while there were second phase inclusions on the grain boundary. In order to pass through the inclusions in the second phase, the interfacial energy of the system needed to be reduced, resulting in the decrease of the interface continuous progress, which also made the interface become straight. When the driving force of the grain boundary was the same as the resistance force caused by the second phase material, the grain boundary stopped moving and the grain size reached stable. This effect led to the decrease of the grain sizes. When 0.5 ≤ x < 1 (Figs. 5(f)-5(j)), the energy spectrum results showed that all the grains contain five elements with certain content: Zn, Ti, Co, Nb, and O, which indicated that there will be the diffusion of ions and formation of solid solutions in composite ceramics. The CoTiNb 2 O 8 phase revealed in Fig. 1 was not 
3 Morphological analysis

4 Sintering behavior
The relative densities of (1-x)CoTiNb 2 O 8 -xZnNb 2 O 6 ceramics are depicted in Fig. 6 . The relative densities of each composition kept increasing with rising temperature and then decreased until it reached its maximum value. For different values of x, the sintering temperatures to obtain the maximum relative densities of the samples decreased with the increase of x. The optimum sintering temperature of CoTiNb 2 O 8 and ZnNb 2 O 6 ceramics are 1250 and 1175 ℃, respectively [4, 11] . This phenomenon indicated that the increase of ZnNb 2 O 6 content could reduce the sintering temperature The dielectric constants of the composite can be calculated using the mixture rule [26] :
where ε r is the dielectric constant of the (1- Fig. 7(b) . The calculated dielectric constant values were lower than the measured values while the content of ZnNb 2 O 6 was less than 50%. For further increasing ZnNb 2 O 6 content, the calculated dielectric constant values were higher than the measured values. Apart from these differences, the calculated dielectric constant and measured dielectric constant showed the similar trend. The main reason of the deviation between the measured values and the theoretical values was that the low content of ingredients were dissolved into the high content phase, and partly formed the solid solution while x was either too small or too large, so the dielectric properties were different from the mixture rule of the composite materials. It mainly depended on the crystal structure of the main phase. According to the Raman result, when 0 < x ≤ 0.4, the main phase was CoTiNb 2 O 8 , the r ε values were skewed to the r ε value of CoTiNb 2 O 8 . For 0.5 ≤ x < 1, the main phase was ZnNb 2 O 6 , the r ε values were biased to the r ε value of ZnNb 2 O 6 . which is mainly affected by the combined effects of the second phase, the oxygen vacancy, the grain size, and the compactness [28, 29] . For the intermediate components of the composite, the grain size was smaller than that of the single phase ( be calculated according to the following formula [27, 30] : Figure 9 shows the calculated temperature coefficients of the resonant frequency curve. The variation of the temperature coefficients of resonant frequency with the component was different from the expected calculated values. The calculated zero temperature coefficient of the resonant frequency was obtained when x was around 0.725. When x was between 0.2 and 0.8, the measured values were lower than the expected calculated values and the temperature coefficient point of zero resonance frequency when x was around 0.5. This phenomenon may be attributed to the transition of the crystal structure with different x values in composite ceramics. The peak intensities of CoTiNb 2 O 8 and ZnNb 2 O 6 in the Raman spectra should be the same because of the same content of the two phases at x = 0.5. But as shown in Fig. 4 
Conclusions
Crystal structure and microwave dielectric properties of (1-x)CoTiNb 2 O 8 -xZnNb 2 O 6 ceramics with controlled temperature coefficient were studied in this work. The influence of the addition of ZnNb 2 O 6 on the crystal structure was analyzed in detail using a combination of X-ray diffraction, Raman spectra, and scanning electron microscopy. The system remained rutile phase structure until x = 0.2 and the phase transition occurred between x = 0.3 and x = 0.6. When x ≥ 0.7, the system maintained the columbite phase structure. The crystal structure had a significant influence on the dielectric properties of ceramics. Near zero temperature coefficient of the resonance frequency was obtained at x = 0. 
